Ab initio and semiempirical calculations of large cluster models have been performed in order to study water adsorption and dissociation on pure, defective ͑vacancies͒ and doped ͑Li, Na, K, Ca, Fe͒ MgO ͑001͒ surfaces. The geometries of the adsorbed and dissociated molecules have been optimized preparatory to analysis of binding energies, stretching frequencies, charge transfers, preferential sites of interaction, and bond distances. We have used Mulliken, natural bond order, and electrostatic-derived atomic and overlap populations to analyze charge distributions in the clusters. We have also investigated transition structures, activation energies, energy gaps, HOMO, density of states, SCF orbital energies as well as the acid-base properties of our cluster model. Numerical results are compared, where possible, with experiment, interpreted in the framework of various analytical models, and correlated with site coordination numbers, corner and edge site preferential locations, and direction of charge transfer. A thorough charge analysis indicates substantial charge redistribution in the magnesium oxide crystal as a result of water adsorption and dissociation in pure, defective, and doped MgO crystals. The introduction of heavier impurities and vacancies could produce substantial changes in the physical and chemical properties of the catalyst and increase the binding and dissociation energies. Some of the largest changes originate from the introduction of vacancies. Two and three-dimensional potential energy surfaces are used to investigate activation energies of hydroxylation on the MgO surface. Stretching frequencies are correlated with magnesium and oxygen coordination numbers.
I. INTRODUCTION
The characterization of adsorbates [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] on metal oxide substrates has received considerable attention in many important areas such as catalysis, ceramics, semiconductor physics, metallurgy, and microelectronics. It is, for example, environmentally important to decrease CO concentration in exhaust gases and to reduce sulfur dioxide, the most dangerous component of atmospheric pollution, using magnesium based adsorbents such as MgO. In such studies, solid metal oxides, including MgO, play an important role by interacting with the gases. Understanding the fundamental processes of adsorption and chemical dissociation of water on oxide surfaces, such as MgO, is also a key component in modeling subsurface transport.
In heterogeneous catalysis, for both industrial processes and, more recently, sophisticated highly controlled surface science experiments, oxides play an important role serving as components as well as supports and active catalytic agents. Oxide systems provide thermal and mechanical stability for metal particles used in heterogeneous catalysis because of their high melting points and corrosion resistance. A large number of reactions are catalyzed by oxide surfaces which are also important crust materials that influence soil chemistry by binding to exposed oxide surfaces in different orientations, dissociating into surface hydroxyl groups, and diffusing into materials. 15 The acidic or basic nature of a metal oxide largely determines its catalytic activity towards an adsorbed species. Characterization of the acid/base properties of a metal oxide surface is therefore of considerable practical importance. The basicity of an oxide is defined as the ability of the surface to donate electronic charge to the adsorbed molecule which is also related to the nature and the density of surface defects or impurities. Surface defects, like lower-coordinated steps, corners, or even vacancies, are the sites where most of the chemistry takes place. These sites can exhibit an acidic/basic behavior substantially different from that of regular surface sites. Therefore, it becomes important to establish some general rules to rationalize and predict the acidic/basic character of various surface sites as well as of different oxides.
Although there is a great deal of experimental and theoretical data available on the interaction of water with metal surfaces, less information is available for oxide surfaces due largely to surface charging problems that arise when traditional surface measurements are applied to insulators. However, innovative methods have now been developed which allow well-characterized thin oxide films to be grown on metal substrates. It is now possible to use many of the standard surface techniques to study these insulating thin films because the accumulation of charge on the surface of these materials is substantially reduced. New experimental techniques have thus greatly enhanced the empirical characterization of oxide surfaces and interfaces. 24, 28 Surface irregularities play an important role in various surface processes, including chemisorption, adhesion, chemical reactivity, and friction. In many cases, extended defects are associated with enhanced reactivity in catalytic systems. On oxide surfaces defects can be generated in the process of surface formation. A fundamental study of the atomic and electronic properties of defects and impurities on oxide surfaces is therefore worthwhile to better understand real materials. The advent of experimental thin-film techniques has advanced the understanding of defects and impurities on oxide surfaces. Thin films have been shown to qualitatively mimic the surfaces of bulk materials although they may display quantitatively different surface properties from clean grown crystals.
The MgO surface was chosen as the oxide substrate for study for a number of reasons. It is well characterized by computational and experimental techniques. In addition, MgO is a widely used high temperature ceramic material known to be a good catalyst for many processes. For example, methanol and ethanol decomposition as well as water-gas shift reactions proceed easily on a MgO catalyst. Oxidative coupling of methane has also been reported for MgO doped with K, Na, and Li. 29 Magnesium oxide crystallizes in well defined cubes of rock-salt structure in which the most stable crystallographic surface is the ͑100͒ plane. Planes with Miller indices higher than ͑100͒ facet into steps of ͑100͒ surfaces with a depth on the order of 20 Å. Highly dispersed fine grains may have heavily perturbed surface structures. Unless maintained in an ultrahigh vacuum environment, MgO readily adsorbs water. Understanding its surface properties is essential for such applications as a support for metal catalysts. In processes such as the deposition of metal clusters on a MgO surface, the extent of water or hydroxyl group coverage should, in general, be taken into account because surface hydroxyl groups may influence other oxide properties such as mechanical response. Moreover, the reactivity of MgO is enhanced when doped with impurities. A more detailed study of the charge distribution of these sites could help in understanding the properties of MgO as a catalyst. In order to obtain more information about these processes, ab initio and semiempirical MO studies of the charge distribution of the active site of the ͑001͒ surface of MgO were performed and are reported below.
The surfaces of MgO have been previously investigated by various theoretical ab initio and semiempirical methods. [14] [15] [16] [17] [18] [19] [20] Anchell et al. 14 investigated the interactions of water molecules at three-coordinated sites of small (MgO) 4 and (MgO) 8 clusters including full geometry optimization and correlation energy treated at the MP2 level of theory for the (MgO) 4 cluster, and predicted that H 2 O chemidissociates without a barrier directly onto adjacent three-coordinated sites. Scamehorn et al. 15 used periodic Hartree-Fock ͑PHF͒ theory with density-functional correlation corrections with geometry constraints to investigate adsorption and dissociation of water on MgO surfaces and concluded that hydroxylation and molecular adsorption were energetically comparable processes on step-edges, and that hydroxylation is the energetically dominant process on three-coordinated corner sites. Chacon-Taylor et al. 16 reported molecular dynamics simulations and free energy calculations based on interactions described by a hybrid quantum-classical method for H 2 O adsorbates on the ͑001͒ surface of MgO and compared their results with periodic Hartree-Fock calculations. McCarthy et al. 17 used a pairwise additive potential energy expression for the water/MgO interaction to elucidate surface hopping, desorption, and intrasite rotation and flipping for the water/MgO interaction. Langel et al. 18 studied the adsorption of water on MgO surfaces with the Car-Parrinello method and concluded that a H 2 O molecule in the proximity of a perfect ͑001͒ surface is physisorbed, that the molecule desorbs at modest temperatures, and that on stepped surfaces the dissociation of water proceeds very rapidly. Leeuw et al. 19 investigated hydroxylation of MgO surfaces by dissociative adsorption of water using simulation techniques which indicated that the perfect MgO ͑100͒ surface is not amenable to hydroxylation and that adsorption is energetically favorable and preferentially occurs at low-coordinated sites. Picaud and Girardet 20 reported the adsorption of water molecules on MgO substrates using an approach in which the molecule-substrate contributions to the potential energy are characterized by dispersion-repulsion and electrostatic interactions between molecules indicating that water molecules form planar aggregates on MgO and, at higher coverages, commensurate monolayers.
In this study we have investigated water adsorption and dissociation on the MgO ͑001͒ surface using both ab initio and semiempirical methods with large cluster models in order to study pure, defective ͑vacancies͒, and doped ͑Li, Na, K, Ca, Fe͒ MgO. We have analyzed the acid-base nature of our cluster model, the charge distribution of the active sites and its relationship to chemical reactivity via Mulliken ͑MC͒, natural bond order NBO, 48 and the electrostaticderived method of Merz-Kollman/Singh MKS. 49, 50 We have also calculated energy gaps, stretching frequencies, HOMO, binding energies, interatomic distances, and bonding angles of the pure, defective and doped MgO before and after adsorption and dissociation of water. In addition we have analyzed and constructed reaction pathways, transition structures, and potential energy surfaces, and have calculated activation energies for water adsorption and dissociation on pure and defective MgO. The orbital eigenvalues and density of states of the MgO cluster model are analyzed and compared with photoelectron spectroscopy results.
II. METHODS AND MODELS
We have adopted for the MgO ͑001͒ surface a nine-cube cluster model (MgO) 16 ͑Figs. 1-4͒. The Mg-O distances for this model are fixed at the bulk values of 2.106 Å. Theoretical and experimental estimates of surface relaxation or rumpling indicates effects of only a few percent. 28 The presence of impurities in a pure MgO cluster was simulated by Mg 15 X͑19͒O 16 ͓X͑19͒ϭK, Li, Na, Ca, Fe, and vacancy ͑XX͔͒ clusters where X͑19͒ substitutes magnesium at the Mg19 position ͑Figs. 2-4͒. Mg18 is the water adsorption site with the lowest coordination number. The Mg19 site was chosen because it is the next neighbor to Mg18. Ab initio calculations were performed for pure and doped MgO with Ca, Fe impurities and XX vacancies and semiempirical PM3 calculations were carried out for pure and MgO doped with Li, Na, K impurities and XX vacancies.
The ab initio calculations were done using the GAUSSIAN 92 and GAUSSIAN 94 program packages. 51, 52 An effective core potential ͑ECP͒ is used for Mg ͑Ref. 53͒ ͑2 electrons were treated explicitly͒ and all electrons retained for oxygen ͑same basis set was used for oxygen in water and oxygen in MgO͒ and hydrogen. We have used the Hay and Wadt basis sets. 53 We explicitly treated 170 electrons in the cluster. ECPs were used because in the large cluster used in this work and the large number of configurations ͑impurities, vacancies, adsorption, dissociation, different coordination sites-all with full optimization͒ the cost is prohibitive. In addition, as in previous work, 4-13 our interest here is to investigate trends. We have also previously compared the use of ECPs with an all-electron treatment for water adsorption on ZnO clusters and found that the use of ECPs did not noticeably modify the trends. 10 We also obtained good results using ECPs in more complex studies of adsorption of CO and N 2 adsorption on Cr and Fe surfaces. 7, 8 The semiempirical calculations were performed with the PM3 method included in the MOPAC 6.0 program package. 54 The geometrical parameters that defined the cluster were frozen during all the calculations, whereas the geometrical parameters corresponding to the adsorbed 16 cluster with a vacancy at Mg19. and dissociated molecules were fully optimized. The geometries of various configurations of mixed cluster models ͑pure, with vacancies, and with impurities͒ were optimized in order to determine the stationary points corresponding to the specific active site interaction of H 2 O, OH, and H with the MgO surfaces. The bonding sites of adsorption and dissociation investigated for each cluster are divided into four groups described as follows ͑Figs. 1-4͒; ͑i͒ the adsorbed species interact with magnesium and oxygen atoms in the threefold coordinated site; ͑ii͒ in the fourfold coordinated site; ͑iii͒ in the fivefold coordinated site; ͑iv͒ and the adsorbed species undergoes heterolytic dissociation.
Atomic charges have been estimated by MC, NBO, and MKS methods. From the total energies and orbital SCF eigenvalues, we obtain energy gaps, HOMOs, LUMOs, binding energies ͑BE͒, and densities of states. From the optimized geometries we have calculated stretching frequencies, and determined mixed cluster interatomic distances and bond angles. We have also calculated and analyzed various reaction pathways, transition structures, potential energy surfaces, and activation energies for water dissociation.
Due to the large size and number of clusters as well as adsorption and dissociation mechanisms with and without defects we have not included correlation in this work which would be computationally prohibitive. Correlation effects have not, in general, been included in large cluster model calculations. Recently using (MgO) 4 , a much smaller model than ours, Anchell et al. 14 showed that correlation energy treated at the MP2 level reduces the predicted chemidissociation energy by roughly 20%. The interatomic distances and angles are modified by roughly 3%. In addition the purpose of our work is not to determine rigorously exact chemisorption and chemidissociation parameters, but to ascertain trends due to impurities and defects which may eventually help in making better catalysts. As will be discussed in subsequent sections, the strong dependence of the chemisorption and chemidissociation parameters on the coordination number of the adsorption sites ͑with and without defects and impurities͒, with stronger effects at the low coordination sites found in this study, is in agreement with experiment which indicates that the active catalytic sites of MgO are low coordinated. In fact, prior to use, the MgO catalyst is typically thermally activated by heating to temperatures in excess of 1000 K in order to increase the number of surface defect sites. Furthermore, many oxide surfaces are hydroxylated and a perfect surface cannot be obtained experimentally. Every real surface contains defects, kinks, corners and edges. These sites, consisting of three or four-coordinated atoms rather than the five-coordinated atoms of the pure ͑100͒ surface, are the sites where chemical reactions take place.
III. RESULTS AND DISCUSSION

A. Pure and doped MgO bare cluster model
In Table I we list, for pure, defective and doped MgO clusters, ab initio determined HOMOs, energy gaps, and Mulliken charges of selected atoms, with more significant participation in the processes of adsorption and dissociation of water. In Fig. 1 we show the Mulliken populations for all (MgO) 16 atoms. The charges at the Mg sites are divided into three groups, i.e., the Mg18 threefold coordinated ͑corner͒ site (0.37 e), the Mg9, fourfold coordinated ͑edge͒ site (0.40 e), and the Mg20 fivefold coordinated ͑surface͒ site (0.47 e). The Mulliken analysis for nondoped MgO indicates that Mg18, which has the lowest coordination Mg site, also has the smallest charge when compared with the fourfold and fivefold coordination sites, i.e., for MC, MKS, and NBO we find Q(Mg18)ϽQ(Mg9)ϽQ(Mg20). All three methods indicate increasing Mg site charge with increasing coordination number. The low coordination number and small positive Mg charge will influence the reactivity of this site with Lewis base species, such as OH Ϫ and H 2 O. Similarly, O21 has the lowest coordination number and the smallest negative charge, i.e., MC Q(O21)ϭϪ0.34ϾQ(O23) ϭϪ0.41ϾQ(O22)ϭϪ0.48e. Similarly, for NBO Q(O21) ϭϪ0.82ϾQ(O23)ϭϪ0.98ϾQ(O22)ϭϪ1.08e. The negative charge and low coordination number will influence the basicity of this site and its interaction with a Lewis-acid adsorbed species. Our results also indicate that the MC and NBO populations, in contrast with MKS ͓MKS Q(O21) ϭϪ1.01ϽQ(O23)ϭϪ0.95ϽQ(O22)ϭϪ0.92e͔, indicate an increase of negative oxygen charge with increase of oxygen coordination number. Metal cations in oxide compounds assume different oxidation states ranging from one in Na 2 O to eight in OsO 4 . The formal oxidation state, of course, may have little in common with the real charges of the ions in the bulk oxide. The degree of ionicity is of fundamental importance, however, affecting the physical and chemical properties of the surface and has direct consequences on the reactivity of chemisorbed species in the preliminary steps of the catalytic process. It is well known that Mulliken charges are dependent on basis set and level of theory and that they are only a qualitative tool. We have used Mulliken charges previously as qualitative aids for studying trends in charge distribution in both organic and transition metal systems. [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [55] [56] [57] [58] [59] [60] [61] [62] Our present results are also in agreement with the work of Scamehorn et al. 15 which indicated that the oxygen defect sites are fundamentally different from oxygen ions found in the bulk material or the clean surface.
In Fig. 5 we plot the highest occupied molecular orbital ͑HOMO͒ vs atomic number of the impurities introduced in the pure MgO clusters. The significant variations observed in these plots suggest that the introduction of impurities may influence the physical and chemical properties of our cluster model in which impurities or vacancies are introduced at the Mg19 sites. Our calculations indicate that the HOMO is modified with the introduction of impurities and defects suggesting that some defects and impurities should increase and others decrease the reactivity of the MgO surface. Therefore, we predict that the introduction of impurities in the bare cluster may cause variations of ionization potentials (IPϭϪHOMO), electron donation, 63 and consequently binding energies.
Our ab initio calculated energy gap ͑HOMO-LUMO͒, at the HF level of theory is 8.02 eV, which overestimates the actual MgO ͑100͒ gap ͑7.3 eV͒ and the MgO bulk experimental gap ͑7.8 eV͒. 25 Scamehorn et al. 15 indicated that for the three-coordinated site of Mg ͑001͒ the oxygen 2 p band also moves into the band gap by 3-4 eV indicating that it may be possible to detect these states experimentally using UPS or XPS techniques. The ab initio and semiempirical calculated energy gaps plotted vs atomic number ͑Fig. 6͒ for clusters with different impurities also indicate strong influence of the impurities. Fukui suggests that the largest energy gaps should correspond to the least reactive species. 63 Consequently, from both ab initio and semiempirical results, we deduce that the introduction of heavier impurities should change the reactivity of the surfaces. Table I gives the first indication that there is also a strong effect of impurities on charge distribution and, as we will see in other sections, on other important physical and chemical properties related to water adsorption and dissociation on a MgO surface. With Mg19 replaced by vacancies and different impurities, the charges on Mg18 and O21 change substantially ͑Table I͒. They range, for example, from 0.375 e ͑pure Mg͒ to 0.319 e ͑magnesium oxide with a vacancy Mg19͒. We note that even with doping and vacancies we still retain the general trend of smallest positive magnesium charge and negative oxygen charges for the lowest coordination numbers. For vacancies the reduction of coordination numbers of some of the oxygen atoms close to the vacancy ͑O21, O24͒ results in a correspondingly substantial reduction of negative charge. The fourfold coordinated oxygen atoms bonded to the Mg19 impurity have different effective charges depending on the impurity. The largest changes of atomic charges occur with the introduction of vacancies.
In Fig. 7͑a͒ we show the experimental 21 HE II UPS spectra of MgO ͑100͒ surfaces whose valence bands mainly consist of O(2 p) orbitals. The ab initio density of states ͑DOS͒ plot shown in Fig. 7͑a͒ is generated from the discrete energy levels of the bare MgO cluster using Gaussian broadening with an energy width of ϭ2.0 eV. We note the similarity of our calculations with experiment. Our results are also similar to the work of Scamehorn et al. 15 which gives valence band densities of states ͓high intense bands arising from O(2 p)͔ resulting from oxygen ions in the various coordination states projected onto the 2s and 2 p orbitals. The oxygen 2s and 2 p bands are shifted to higher energies as the coordination number of the oxygen at the defect site decreases. The results discussed in this section suggest that our cluster model may be good for analysis of the adsorption and dissociation of water on the magnesium oxide. The impurities and vacancies significantly modify the physical and chemical properties inherent in the catalytic interaction of water with the MgO surface.
B. Preferential site for water adsorption 1. Water adsorption on the pure MgO cluster model
We have investigated the adsorption of one H 2 O molecule on a (MgO) 16 cluster where water is adsorbed at the Mg18, Mg9, and Mg20 sites ͑Figs. 1 and 2͒. In the second column of Table II we give the binding energies ͑BE͒ from our ab initio calculations which indicate that the preferential site for water adsorption is at the lowest coordination corner site. The PM3 calculations give similar trends. We note that with decrease of coordination number, the magnitude of the binding energy increases, which suggests an increase of the FIG. 5 . Ab initio HOMO vs atomic number of impurities for the pure ͑Mg͒, defective/vacancies ͑XX͒ and doped ͑Fe, Ca͒ core (MgO) 16 cluster.
FIG. 6. Ab initio and PM3 energy gaps vs atomic number of impurities for the pure ͑Mg͒, defective/vacancies ͑XX͒, and doped ͑Li, Na, K, Ca, Fe͒ core ͑MgO͒16 cluster. stability of the system, i.e., ͉BE(Mg20(5c))͉ Ͻ͉BE(Mg9(4c))͉Ͻ͉BE(Mg18(3c))͉ where 5c, 4c, and 3c indicates five-, four-, and threefold coordination, respectively.
The H-O bond distances of the adsorbed H 2 O at the various adsorption sites, i.e., sites III, IV, V yield similar values. The largest difference obtained from our ab initio calculations is ϳ0.001 Å ͑Table II͒. Our ab initio calculations indicate H-O-Mg bond angles in the range 124.0°-130.0°for threefold, fourfold, and fivefold sites, respectively, whereas the largest H-O-Mg angle corresponds to adsorption at the Mg18 threefold site, i.e., the site with smallest coordination number. 19, 21, 39 The ab initio IP for pure (MgO) 16 is 0.288 a.u.; the IP for water adsorption at the most stable adsorption site Mg18 is 0.270 a.u.; the corresponding value for Mg9 is 0.272 a.u.; and that for Mg20 is 0.280 a.u. These computed results indicate that water adsorption at the most stable, low coordinated corner site yields the smallest IP and the largest IP change compared to a pure (MgO) 16 cluster. With increase in coordination number one finds an increase in IP and decrease of the change in IP with water adsorption. Therefore water adsorption should increase the reactivity of MgO surfaces. Table II gives ab initio HOMO-LUMO energy gaps corresponding to water adsorption at the different coordination Mg sites. These energy gaps decrease relative to the pure (MgO) 16 cluster gap. Our results ͓Mg18 (gapϭ7.81 eV), Mg9 (gapϭ7.81 eV), Mg20 (gapϭ7.95 eV)͔ indicate that the smallest energy gap change with respect to the bare cluster (gapϭ8.02 eV) corresponds to water adsorption at the highest coordination sites. This supports our previous conclusion that water adsorption at the low coordination sites should increase the reactivity of the MgO surface.
Before water adsorption the charge on Mg18 has the smallest value and, in general, charge is found to increase with increase of coordination number. After water adsorption, the trend of smallest Mg charge for lowest coordination number site no longer holds, i.e., we find that the magnesium atom on which water adsorbs has, in general, the largest charge. We find for water adsorption on Mg18 ͑Mg18 ϭ0.43, Mg9ϭ0.39, Mg20ϭ0.45͒, for adsorption on Mg9 ͑Mg9ϭ0.50, Mg18ϭ0.37, Mg20ϭ0.47͒ and for adsorption on Mg20 ͑Mg9ϭ0.39, Mg18ϭ0.33, Mg20ϭ0.53͒. We note that in general ͑Table II͒ the MC, MKS, and NBO methods indicate larger charge transfer from water to the bare clusters with reduction of coordination number. As with the bare cluster model previously discussed, however, the direction of charge transfer of the MKS method is opposite that obtained with the MC and NBO methods. Subsequent charge distribution analysis in this paper is done using the MC method.
Water adsorption on the doped MgO cluster model
In our previous analysis of water adsorption on the (MgO) 16 cluster model representation of the magnesium oxide surface, we observed that the Mg18 site is where the water adsorption has more stability. Hereafter, for water adsorption on the doped MgO cluster model, we will only analyze water adsorption at the Mg18 site. In the second column of Table III we give the ab initio BE for water adsorption at the Mg18 site, in the presence of vacancies and impurities ͑Fe, Ca͒ substituted for Mg19. In Fig. 8 we plot these results, i.e., BE vs atomic number. The magnitude of the ab initio BE has the following trend: ͉BE͉XXϾFeϾMgϾCa. Our PM3 results also indicate that most of the impurities increase the ͉BE͉, i.e., ͉BE͉XXϾLiϾNaϾKϾMg. In general, the impurities with larger electronegativities yield larger binding energies. Magnesium oxide surfaces doped with impurities or containing defects such as vacancies, should in general promote more water adsorption of the oxide surface. The HOMO energy for water adsorption on doped MgO is given in Table III . In Fig. 9 we plot the corresponding ab initio HOMO energy vs atomic number of the impurities. We note that although the adsorption BE decreases in magnitude from an initial vacancy ͑XX͒ to Fe, the adsorption HOMO increases in magnitude from XX to Fe. The PM3 method also indicates a similar trend.
The ab initio energy gap ͑Fig. 10͒ for water adsorption on magnesium oxide surfaces with different impurities also indicates an overall increase as we go from the vacancy ͑XX͒ to Fe. Thus the adsorption of water in the presence of some impurities would tend to decrease the energy gap ͑increase the reactivity of the surface͒. The PM3 results also indicate that the energy gaps are strongly influenced by the presence of impurities.
The ab initio IP for doped MgO is 0.2907 ͑Fe͒, 0.2848 ͑Ca͒, and 0.2128 ͑XX͒ a.u. whereas the IP for water adsorption for doped MgO is 0.275 ͑Fe͒, 0.269 ͑Ca͒, 0.199 ͑XX͒ a.u. Therefore, water adsorption on corner sites of doped MgO indicates a decrease of IP relative to that of the bare doped cluster. A decrease of energy gaps is also obtained for doped MgO with water adsorption relative to the energy gap of bare MgO cluster. The combined effects of doping and water adsorption can further modify the reactivity of the MgO surface.
Analysis of the overlap populations (Si j) for the oxygen atoms of water adsorbed on magnesium atoms ͑Mg18͒, for the various clusters with impurities indicates SMg͑18͒-O͑33͒͑XX19͒ϾSMg͑18͒-O͑33͒͑Fe19͒ ϾSMg͑18͒ -O͑33͒͑Mg19͒ϾSMg͑18͒-O͑33͒͑Ca19͒. The overlap populations follow the overall general trend of an increase of B.E. with an atomic number of impurity. The introduction of impurities results in an increase of the overlap of water with Mg18 and consequently of the binding energy between water and the magnesium oxide surface.
C. Preferential site for water dissociation
Water dissociation on the pure MgO cluster model (Mg18/O21, Mg18/O24, Mg9/O14)
We have optimized the geometries corresponding to water dissociation at the low ͑LC͒ and high ͑HC͒ coordination sites of oxygen and magnesium atoms located at surface, corner, and edge sites in order to investigate the reactions In Table II we give for pure MgO clusters the BE, HOMO, energy gaps, bare cluster charges as well as surfacehydroxyl, surface-hydrogen, and hydroxyl interatomic distances corresponding to the dissociation of water on the magnesium oxide cluster.
The Mg18 and O21 atoms are located in corner positions with coordination number 3, whereas the O24 atom is located at an edge position with coordination number 4 ͑Fig. 1͒. Our notation Mg18/O21 and Mg18/O24 denotes that the hydroxyl group derived from water dissociation on the pure magnesium oxide surface is adsorbed on the Mg18 atom, whereas the other hydrogen of the dissociated water is adsorbed on O21 and O24 atoms, respectively. The ab initio BE corresponding to these two possibilities of water dissociation are given in Table II . We see that the BE is larger for the Mg18/O21 dissociation, i.e., ͉BE͉ Mg18/O21ϾMg18/ O24. The more stable system corresponds to the configuration where water dissociated on Mg and adjacent O with lowest coordination numbers. We note also that the difference in BE between these two configurations is ϳ55% from ab initio results. We obtain similar results from our semiempirical PM3 calculations.
Mg9 has an edge position ͑with coordination number 4͒, O14 has a corner position coordination number of 3. The ab initio binding energy for the stable configuration Mg9/O14 is given in the Table II . Both ab initio and semiempirical PM3 results indicate that the lowest oxygen coordination sites stabilize the systems. Experimental infrared and electronmicroscope studies indicate that high coordination sites in ͑100͒ surfaces do not appear to form OH groups after exposure to H 2 O whereas low-coordination sites do protonate. 37 Our calculations ͑Table II͒, which indicate that the high coordination sites do not form OH groups, are in agreement with the experimental findings.
Our ab initio results for the overlap populations for the Mg18/O21 and Mg18/O24 schemes of water dissociation indicate that in the scheme Mg18/O21 larger O surface -H overlap populations and correspondingly shorter O surface -H interatomic distances are observed. The dissociated water hydroxyl ͑O33-H34͒ bond is, however, weaker in this configuration and the O surface -H bond is stronger. The Mg-O hydroxyl bond is also weaker in the Mg18/O21 scheme and the O surface -H bond is stronger.
Although for adsorption of water the bare cluster receives charge from water in two ͑MC and NBO͒ of the three methods used ͑MC, MKS, NBO͒, for water dissociation us- ing the MC and NBO methods we observe an opposite trend, i.e., the bare cluster donates charge to the atoms of the dissociated water. The charge transfer from the bare cluster upon dissociation is smaller than the charge transfer from water to the bare cluster in adsorption. For threefold oxygen coordination, charge transfer upon dissociation increases with increasing magnesium coordination. For threefold magnesium coordination, charge transfer upon dissociation decreases with increasing oxygen coordination. Our work is in agreement with the Mulliken population analysis of Scamehorn et al. 15 which indicated that the oxygen sites become less ionic as the coordination number decreases whereas decreasing the number of oxygen nearest neighbors causes a migration of charge from the surface oxygens into the bulk material. The charge distribution will be discussed in more detail in Secs. III A and IV A.
Orbital SCF energies are depicted in Fig. 11 for the bare, adsorbed, and dissociated water cluster configurations. The adsorbed water configuration inserts orbitals at deep levels between Ϫ15 to Ϫ20 eV. The dissociated water configuration inserts orbitals between Ϫ8 to Ϫ16 eV. The density of states in the adsorbed and dissociated water configurations is larger and more levels are piled near the HOMO level.
Water dissociation on the doped MgO cluster model
We have also investigated the dissociation of water at the Mg18/O21 and Mg18/O23 sites with vacancies and impurities ͑Li, Na, K, Ca, Fe͒ substituted for the Mg19 site. We give in Table III the ab initio BEs, energy gaps, bare cluster charges, and dissociated water geometrical parameters corresponding to the dissociation of water at the Mg18, O21, O23 sites in the presence of vacancies and impurities at the Mg19 site. Both ab initio (͉BE͉XXϾFeϾCaϾMg) and semiempirical (͉BE͉LiϾXXϾNaϾKϾMg) ͉BE͉ energies are in general larger in the corresponding configurations with impurities or vacancies as compared to the pure MgO clusters and increase with decrease of the oxygen ͑O21, O23͒ dissociation site's coordination number. Figure 12 , which plots the ab initio dissociation BE vs atomic number of the impurities and vacancies introduced, indicates that the impurities can modify the magnitude of the BE energy. In general, the vacancies tend to yield the largest BEs. Experimental results also indicate that MgO adsorbs water with dissociation to form surface hydroxyl groups at selected defect sites. 38 In the presence of vacancies or impurities, water dissociation strongly modifies the energy gaps as well as HOMO values. We find the largest energy gaps in the most stable dissociative configurations. In Figs. 13 and 14 we plot the HOMOs and energy gaps for water dissociation for the Mg18/O21 scheme vs atomic number of the impurities FIG. 8 . Ab initio binding energies vs atomic number of impurities for water adsorption on the pure ͑Mg͒, defective/vacancies ͑XX͒, and doped ͑Li, Na, K, Ca, Fe͒ ͑MgO͒ 16 cluster.
FIG. 9.
Ab initio HOMO vs atomic number of impurities for water adsorption on the pure ͑Mg͒, defective/vacancies ͑XX͒ and doped ͑Li, Na, K, Ca, Fe͒ (MgO) 16 cluster. which indicate that the introduction of defects and doping can modify surface reactivity.
For water dissociation on a doped or defective MgO cluster, we also find that both MC and NBO models indicate that the bare cluster receives charge from the dissociated water molecule in the presence of impurities and vacancies. The charge transfer to the bare cluster at dissociation is larger when hydrogen is adsorbed on the lowest coordinated oxygen site.
In general we find O surface -H interatomic distances larger than hydroxyl ͑O-H͒ distances. The surface ͑Mg͒-O hydroxyl distance is smaller than the adsorbed surface ͑Mg͒-O water interatomic distance, both of which are in general smaller than the surface Mg-O distances.
In Fig. 15 we give the SCF orbital energies for a bare cluster, for water adsorption on a bare cluster with vacancy, and for a bare cluster with Ca as well as Fe impurities. The adsorbed water levels are introduced at deep levels near ϳ20 eV. The impurities levels are closer to the HOMO levels. We also find, with the introduction of impurities, an increased density of states and levels piled up near the HOMO.
D. Charge variations upon water adsorption on pure and doped MgO surfaces
In Table IV we present ab initio Mulliken charge variations of magnesium and oxygen atoms upon adsorption on Mg18, Mg9, and Mg20 sites. After water adsorption on the Mg18 site, the charge transfer from H 2 O to the MgO bare cluster is Ϫ0.185. Notwithstanding, the charge after adsorption on Mg18 is ϩ0.427 and the variation of charge on Mg18, i.e., the difference in charge on Mg18 before and after water adsorption is ⌬Mg18ϭ0.052. The transferred charge does not remain on Mg18, rather there is substantial redistribution of the charge to the Mg and O atoms on the crystal surface. The variation of Mulliken charges on nearest neighbor oxygen atoms is ⌬O21ϭϪ0.012, ⌬O23ϭϪ0.011, ⌬O24ϭϪ0.012. The total variation on oxygen nearest neighbors is Ϫ0.035. The variation of Mulliken charges on next nearest oxygen is small and positive and given by ⌬O22ϭ⌬O5ϭ⌬O29ϭ0.002. The charge variation on neighboring Mg atoms is ⌬Mg17ϭ⌬Mg19ϭϪ0.027, ⌬Mg (20) ϭϪ0.016. For both magnesium and oxygen atoms those with the lowest coordination have the largest charge variations. Similar trends in charge distribution associated with adsorption of water are found at the Mg9 site and Mg20 sites.
The change in charge distribution ͑Table V͒ of the cluster atoms when an impurity ͑Fe19͒ replaces Mg19 yields a charge transfer of Ϫ0.188 from water to the cluster and a variation of ⌬Mg18 of 0.048. Again charge does not remain on Mg but is redistributed throughout the crystal. We have a total increase of Ϫ0.033 on nearest neighbor O21, O23, O24 atoms, a total increase of Ϫ0.043 on nearest Mg17 and Mg20, and an increase on impurity Fe19 ofϪ0.035. There is also an increase on more distant Mg atoms, particularly low coordinated corner atoms. Similarly, the distribution of clus- FIG. 12 . Ab initio binding energies vs atomic numbers of impurities for water dissociation on the pure͑Mg͒, defective/vacancies ͑XX͒ and doped ͑Li, Na, K, Ca, Fe͒ ͑MgO͒ 16 cluster.
FIG. 13.
Ab initio HOMO vs atomic number of impurities for water dissociation on the pure ͑Mg͒, defective/vacancies ͑XX͒, and doped ͑Li, Na, K, Ca, Fe͒ (MgO) 16 cluster. ter charges, when impurities and vacancies are introduced, yields ͓water→bare cluster charge transfer (Q), and charge variation Mg18͔ of ͑Ϫ0.248, 0.058͒ for the Ca19 impurity, and ͑Ϫ0.190, 0.017͒ for a vacancy, respectively. There is also an increase of charge on the impurities Ca19 ͑Ϫ0.027͒
as well as on the nearest oxygen and more distant magnesium atoms. The introduction of a vacancy by removal of Mg19 introduces stronger charge variations on atoms which are neighbors to Mg18.
We observe in all cases, with and without doping, sub- stantial charge redistribution from Mg18 to magnesium and oxygen neighbors. With doping, in general, the charge transfer from water to the bare cluster and the variation of charges at magnesium ͑Mg19͒ as well as oxygen ͑O21͒ adsorption and dissociation sites is larger.
IV. CHARGE DISTRIBUTION FOR WATER DISSOCIATION ON PURE AND DOPED MgO SURFACES
In the dissociation scheme Mg͑18͒/O͑21͒ water is dissociated into OHϩH, the OH is adsorbed on a threefold Mg18, and H is adsorbed on a threefold O21 site. The OHϩH group undergoes desorption where it now receives a charge of Ϫ0.121 a.u. from the bare MgO cluster. The variation of charge on Mg18 is ϩ0.059 and on O21 is Ϫ0.058, i.e., Mg18 donates a charge to OH and O21 receives a charge from H. It is clear though that, as in adsorption, the neighboring Mg and O atoms have an important role in the charge transfer/ distribution process. The neighboring Mg17, Mg19, and Mg20 atoms total charge decreases by 0.118, whereas the O23, O24 atoms show an increase of Ϫ0.025. During the overall dissociative process the Mg sites display Lewis base character and the O sites show Lewis acid behavior. When we analyze the charge variation, comparing the dissociated water with the adsorbed water configuration, we observe that the variation of Mg18 and O21 is ⌬Mg18ϭ0.104, ⌬O21ϭ Ϫ0.044. From this point of view, we conclude that in going from the adsorbed to the dissociated water configuration, Mg18 donates a charge to the hydroxyl group and O21 receives a charge from H. Similarly, in the dissociation schemes Mg18/O24, Mg9/O14 the hydroxyl group is adsorbed on magnesium Mg18, Mg9 and hydrogen is adsorbed on ͑fourfold O24͒, ͑threefold O14͒, whereas the dissociated group (OHϩH) receives Ϫ0.120,Ϫ0.155 from the MgO bare cluster. For both dissociation schemes there are also substantial charge variations on ͑Mg9, O14͒, ͑Mg18, O24͒ sites with a significant redistribution of charge on the neighboring Mg and O atoms. For the dissociation schemes ͑Table III͒ ͓Fe͑19͔͒Mg18/O21 ͑III͒, ͓Ca͑19͔͒Mg18/O21 ͑III͒, ͓XX͑19͔͒ Mg/O21 ͑III͒, i.e., dissociation on threefold Mg and O sites in the presence of impurities of Fe, Ca and vacancies substituted for Mg19, we find charge transfers of 0.121, 0.149, 0.148, respectively, from the MgO core ͑with impurity and vacancy͒ to the (OHϩH) group. There is also significant charge variation on Mg18 and O21 sites as well as redistribution of charges on neighboring magnesium and oxygen atoms.
V. O-H STRETCHING FREQUENCIES AND TRANSITION STRUCTURE
The chemisorption of small molecules containing hydrogen, such as OH, on the MgO surface may lead to various types of coordinated OH groups, all of which may contribute to the OH stretching frequencies of IR spectra of hydroxylated MgO surfaces. In such cases the respective IR band contours will reflect the variety of different magnesium and oxygen surface sites of the MgO samples as well as the characteristic reactivities of these sites towards probe molecules. 43, 46, [64] [65] [66] [67] [68] [69] In Table VI we give O-H stretching frequencies for water adsorption and dissociation on magnesium as well as oxygen threefold, fourfold, and fivefold sites. For dissociation O-H stretching frequencies are generally larger when we introduce vacancies in the cluster. The water O-H frequencies are in general smaller than the dissociated water hydroxyl ͑O-H͒ frequencies and these hydroxyl ͑O33-H34͒ frequencies are larger than the O surface -H frequencies. For water dissociation on the same magnesium site and different oxygen sites the O surface -H frequency increases with decreasing O surface coordination number. When we compare the adsorbed hydroxyl frequencies on different Mg sites, we observe that the hydroxyl frequencies in general decrease slightly for increasing magnesium coordination. If we fix the threefold oxygen coordination and vary the magnesium coordination we observe an opposite trend, i.e., the O surface -H frequency increases with increasing Mg coordination number. If we compare the hydroxyl adsorption on threefold and fourfold magnesium sites, the O-H frequencies will increase or decrease depending on the coordination of oxygen on which hydrogen is adsorbed.
There is still much controversy regarding the IR spectra [43] [44] [45] [46] [64] [65] [66] [67] [68] of hydroxylated MgO surfaces and new approaches are needed to unravel the complex IR spectra. The model of Tsyganenko and Filimonov 43 maintains that a progressive coordination of an OH group with cations weakens the OH bond. Therefore the OH stretching frequency should be reduced correspondingly, which is contrary to some experimental results which indicate a shift of the IR spectra to higher frequencies and also correlates with the strength of the electric field that cations exert on an OH Ϫ ion. Since our results only indicate an overall weak trend which supports the view that the progressive coordination of magnesium cation will weaken the IR frequencies, it is unlikely that pure cation coordination should be responsible for OH stretching frequencies. Neighboring anion and cation co- ordination numbers and location and, perhaps also, H-bond formation and Mg-O distances may also be important. We have used the PM3 semiempirical method to determine the transition structure, 69 from adsorbed to dissociated water on pure MgO and MgO with a vacancy introduced at the Mg19 site. In Fig. 16 we show, for both pure and defective MgO, the formation energy vs reaction coordinate for which we use d(O33-H34), i.e., the distance between H34 and O33 of the adsorbed water molecule. For each fixed distance of the reaction coordinate we optimize the other geometrical parameters ͑water, water-surface angles, distances, dihedral angles͒ corresponding to water (adsorbed→dissociated) on the frozen MgO bare cluster. The transition structure was obtained using the saddle point and eigenvector following methods of MOPAC6. Our results indicate for both pure and defective MgO a transition structure at about d(O33-H35)ϳ1.1 Å. The activation barrier is about 0.465 eV for pure MgO and 0.423 eV for MgO with a vacancy. With the inclusion of a vacancy we lower the adsorption and dissociation binding energies, we reduce the formation energies while maintaining approximately the same reaction coordinate distance, and we reduce the activation energy or potential barrier. The introduction of vacancies should facilitate the dissociation of water on MgO surfaces. The cluster model results of Anchell et al. 14 predict that H 2 O chemidissociates without a barrier directly onto adjacent three-coordinated sites. This apparent discrepancy perhaps occurs due to the semiempirical method used in the current study to determine the potential barrier or perhaps due to the much larger cluster model used here or MgO. Our ab initio cluster results ͑Table II͒ predict a chemidissociation energy of 44.6 kJ/mol.
In Fig. 17 we show the three dimensional potential energy surface for pure MgO which describes the transition structure from adsorption to dissociation of water on the MgO surface. We plot the binding energy vs d (Mg18-O33) , i.e., surface magnesium-oxygen of water distance vs d (O33-H34) , i.e., water͑oxygen-hydrogen͒ distance. We observe a transition structure at about d(O33-H34)ϳ1.1 Å corresponding to a distance at which H34 separated from O33 of water should have to surmount a potential barrier of about 0.465 eV in order to dissociate on a neighboring O21 atom. We note that the transition structure is more strongly dependent on the O33-H34 distance of water than the Mg18-O33 of water distance. For dissociation of water on the MgO surfaces it is more important to increase the O33-H34 distance. The activation energy of ϳ0.4 eV is small enough to allow hydroxylation of the magnesium oxide surfaces at room temperature.
VI. CONCLUSIONS
We have optimized numerous configurations corresponding to large cluster models of water adsorption and dissociation on pure, defective ͑vacancy͒ and doped ͑Li, Na, K, Ca, Fe͒ MgO ͑100͒ surfaces using ab initio and semiempirical PM3 methods. The ab initio DOS is in agreement with the experimental He II UPS spectra. We find that the surface is an electron acceptor for water adsorption whereas it is an electron donor when water is dissociated. The magnesium and oxygen coordination numbers associated with their location at corner and edge sites are important factors determining the preferential sites and stability of the interaction and we find that for low coordination sites located at edges and corners are preferred. Adsorption and dissociation on low coordinated magnesium sites are more important than the equivalent interaction at low coordinated oxygen sites. The introduction of impurities appears to strongly modify chemical and physical properties of the magnesium oxide. Introduction of vacancies results in the largest changes. The adsorption and dissociation of water on pure, defective, and doped clusters introduce deep water energy levels in the SCF energy levels. There is significant charge redistribution throughout the atoms of the cluster model upon adsorption and dissociation of water. The O-H stretching frequencies can be correlated with the coordination numbers. Both twoand three-dimensional potential energy surfaces indicate an activation energy of ϳ0.4 eV at an oxygen-hydrogen separation in water of ϳ1.1 Å. Lester, Jr., was supported in part by the Director, Office of Energy Research, Office of Basic Energy Sciences Chemical Sciences Division of the U.S. Department of Energy under Contract No. DE-AC03-76SF00098. We are also indebted to the CESUP-UFRGS and LNCC computational facilities. We thank the referee for numerous helpful comments and suggestions.
